The technique of priming injection-continuous infusion of tracer glucose-U-C14 was employed in 7 anesthetized dogs, each serving as its own control, to determine the immediate changes in rates of appearance (Ra) and disappearance (Rd) of plasma glucose following single intravenous injections of epinepbrine (IO pg. per Kg.) and glucagon (I pg. per Kg.). Mean maximal hyperglycemia induced by the hormones was comparable in magnitude, but it was achieved in 4 minutes after epinephrine injection compared with 8 to 10 minutes after glucagon. Furthermore, Ra was increased 5-to 'I-fold during the first 4 minutes following epinephrine injection and subsequently fell to below control levels for about 30 minutes. In contrast, following glucagon, Ra was increased 3-to 4-fold during the first 8 minutes after injection with subsequent return to control levels. After both epinephrine and glucagon, Rd increased 1.5-to a-fold during the first 10 minutes; it returned to control levels IO minutes after epinephrine and 30 minutes after glucagon. These data indicate that the increment in plasma glucose results from enhanced hepatic glycogenolysis. However, contrary to the suggestion of others, the effect of epinephrine on the liver does not appear to be mediated via glucagon release. (Metabolism 17: No. 7, July, 631-637, 1968) I T IS WELL ESTABLISHED that glucagon induces hyperglycemia by directly enhancing hepatic glycogenolysis and gluconeogenesis.* In contrast, it has been shown both in vivo and in vitro that, except at near lethal concentrations, epinephrine induces hyperglycemia by an indirect action of the hormone on the liver.3-5 In studies with rats? and dogs,4 infusion of 0.3 pg. epinephrine per Kg. per minute into a peripheral vein enchances hepatic glycogenolysis and increases blood lactate concentration. On the other hand, the same authors have reported that infusion of an identical dose of epinephrine into the portal vein of the animals produces no effect on either hepatic glycogenolysis or blood lactate concentration. Studies using isolated perfused rat liver have demonstrated also that two additions of 3 pg, of epinephrine to the perfusate do not alter hepatic glycogen content or glucose concentration in the ~~-.-_I_ --__
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perfusate; only at epinephrine concentrations that are nonphysiologic, in excess of 100 pg. per liter, could a glycogenolytic effect on the liver be demonstrated.2J Indeed, Ezdinli and Soka14 concluded from their comparative studies in dogs and rats that "only glucagon can serve as a physiologic hepatic glycogenolytic agent, and that the effect of moderate doses of epinephrine (10 rug. per Kg.) on the liver is an indirect one, possibly mediated through stimulation of glucagon secretion."
It was believed by this author that if the effect of epinephrine on hepatic glycogenolysis were mediated through glucagon, one would expect following the administration of these hormones in dose levels which elicit comparable maximal hyperglycemia that glucose turnover would be altered either in an identical manner or that the effect of glucagon on the liver would precede that of epinephrine. This study in anesthetized dogs compares the immediate effects of single intravenous injections of epinephrine and glucagon on rates of glucose production (primarily hepatic output)s and utilization (tissue uptake), using the technic of priming injection-continuous infusion of tracer glucose-U-C 14.? The results show that with a comparable hyperglycemic response, the maximal increase in plasma concentration and rate of appearance of glucose induced by epinephrine precede in time those produced by glucagon. Contrary to the suggestion of others, therefore, the hepatic glycogenolytic effect of epinephrine is apparently not mediated via glucagon. Interestingly enough, the results also show that the rates of disappearance of glucose from circulation are increased to almost the same degree immediately following the injection of epinephrine and glucagon. This indicates that the increase in plasma glucose induced by single injections of these hormones is totally due to the increase in hepatic glucose output. A possible mechanism by which epinephrine enhances hepatic glycogenolysis is discussed. Glucose-U-Cl4 was infused into the cephalic vein, while arterial blood samples were obtained at 2-, 5-or 15minute intervals throughout the procedures.
RESULTS
The single intravenous injection of epinephrine produced uniformly the following immediate mean alterations in glucose metabolism in 3 dogs (Fig. 1) . Plasma glucose concentration was consistently increased with peak hyperglycemia occurring 4 minutes after injection; plasma glucose concentration returned to control levels 30 minutes after injection. During the control period, the rates of glucose appearance (Ra) and disappearance (Rd) were equal averaging approximately 4 mg. per Kg. per minute. During the first 4 minutes after epinephrine injection, Ra was increased by 5-to 7-fold. Ra fell subsequently to below control levels averaging about 2 mg. per Kg. per minute between 4 and 30 minutes, and finally it returned to control levels. Rd was also increased by 1.5 to e-fold of control level during the first ten minutes after injection, with a subsequent return to control level.
In contrast with epinephrine, an intravenous injection of glucagon in 6 dogs produced a delayed hyperglycemic response (Figs. 1 and 2) . Although the increase in plasma glucose concentration was comparable to that following epinephrine injection, the peak hyperglycemia occurred 8 to 10 minutes after glucagon injection. Plasma glucose specific activity was decreased, and Ra was increased by 3-to 4-fold above control level during the first 8 minutes after glucagon; Ra returned to control the levels subsequently. Also after glucagon, there was a 1.5 to 2 fold increase in Rd which lasted about 30 minutes; Rd returned to control level subsequently.
Finally, the single experiment giving an injection of both epinephrine and glucagon (Fig. 3) produced an additive hyperglycemic response and a lofold increase in Ra above control during the first 6 minutes after injection and 4-fold during the next 4 minutes. Also, Rd was increased by 4-fold during These studies in dogs have demonstrated the immediate alterations in glucose turnover following single injections of epinephrine and glucagon. In the same dog epinephrine is approximately 10 times less potent than glucagon on a weight basis as a hepatic glycogenolytic agent. The peak hyperglycemia following epinephrine precedes that of glucagon. Epinephrine is in fact about twice as fast as glucagon in producing maximal hyperglycemia. Also, as with the change in plasma glucose, the rate of appearance or hepatic output of glucose also responds faster to epinephrine injection than to glucagon. The maximal increase occurs within the first 4 minutes after epinephrine, whiIe glucagon induces a comparatively smaller though longer lasting increase in Ra. The rate of disappearance or tissue uptake of glucose is increased to almost the same degree by both epinephrine and glucagon. It is concluded, contrary to the suggestion of others ,4 that both epinephrine and glucagon are physiologic hepatic glycogenolytic agents and that the effect of epinephrine on the liver is apparently not mediated through glucagon. Since the hepatic effect of epinephrine is not mediated through glucagon, what then are the possible alternatives for the mechanism of action of this hormone on the liver? The following discussion outlines the current status of knowledge concerning this complex phenomenon which appears to be made up of several components.
Epinephrine Hyperglycemia Results from Enhanced Hepatic Glucose Output
Single injections of l-10 ,ug. of epinephrine per Kg. body weight in dogs, cats and rabbits have been shown to produce peak hyperglycemia between 3 and 5 minutes after injection, the maximum increase in blood glucose being 40 to 70 mg. per 100 ml. above control values. g-11 The data presented here are in keeping with these findings. The hyperglycemia induced by epinephrine has also been shown to be associated with enhanced hepatic glucose output.'2-1" Since it has been established in this study that the glucose uptake by tissues is increased immediately following epinephrine injection, it follows that the hyperglycemia induced by the hormone is totally accounted for by the enhanced hepatic glucose output.
Direct Action of Epinephrine on the Liver
It is well known that epinephrine is capable of directly stimulating hepatic glycogenolysis. I4 As pointed out by Sokal et al.,6 however, the direct action of epinephrine on the liver requires pharmacological doses of the hormone for even minimal glycogenolytic effect. It must also be emphasized that the direct action of epinephrine on the liver is not an immediate one as seen in vivo but is delayed. Using liver slices of rabbits, Sutherland and CorP5 have shown that epinephrine in concentrations of about 7 pg. per 100 ml. of incubate does not enhance initiaIly glucose production by the shces but does so 30 to 40 minutes after incubation. Similarly, using isolated perfused liver of rabbits, Lundsgaard, Neilsen and OrskovlsJ' reported no increase in glucase concentration in the perfusate during the first 10 minutes after the start of an epinephrine infusion (I pg. per min.); glucose concentration in the perfusate was increased subsequently. In contrast with in vitro findings, this study has demonstrated that the effect of epinephrine on Ra is immediate. This makes it unlikely that the hepatic action of moderate doses of epinephrine, as used in this study, is a direct one.
indirect Action of Epinephrine on the Liver
In 1949, Sherlock3 first demonstrated in rats that intraportal infusion of epinephrine in dose levels of 0.3 pg. per Kg. per min. produces neither hepatic glycogenolysis nor hyperglycemia during the first 15 minutes after starting the infusion. On the other hand, administration of the same dose of epinephrine via a peripheral vein induces both hepatic glycogenolysis and hyper-glycemia. These findings have been confirmed recently in dogs.4 It is obvious from these data that at least part of the hepatic glycogenolytic effect of epinephrine is an indirect one.
Centrd Nervous System Component. Leimdorfer et alIs have shown that injection of epinephrine into the subarachnoid space of cats causes a high and sustained elevation in blood glucose concentration.
Rosenberg and DiStefanoll have reported also in cats that at least half of the hyperglycemic effect of intravenously injected epinephrine results from activation of a "hyperglycemic center" which is located in the floor of the fourth ventricle. They also point out that this epinephrine-responsive center correlates well with the hyperglycemic area which Bernard described in 1849 by piqOre of the floor of the fourth ventricle. The mechanism by which the message is transmitted from the 'hyperglycemic center" to the liver, however, is not clear. It could theoretically be mediated through a hormone or possibly transmitted by autonomic nerves either directly to the liver or indirectly via the pancreas.*1,19
Pancreatic Component. Presently, it is well-established that epinephrine is capable of inhibiting insulin secretion. 20-22 Since it is known that acute insulin deprivation produces an immediate increase in hepatic glucose output,23-23 it is conceivable, therefore, that injection of epinephrine may cause an acute transient inhibition of insulin release which may at least partly contribute to epinephrine-hyperglycemia by increasing glucose output by the liver. The complex mechanism by which epinephrine enhances hepatic glucose output is by no means fully elucidated, and more studies will be required to clarify the situation further. Apparently, however, glucagon is not a mediator for the action of epinephrine on the liver. 
